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Abstract 


Heaterless Inert gas Ion thruster hollow cath- 
odes were Investigated with the aim of reducing Ion 
thruster complexity and Increasing Ion thruster 
reliability. In this study, cathodes heated by 
glow discharges were evaluated for power require- 
ments, flowrate requirements, and life limiting 
mechanisms. In addition, an accelerated cyclic 
life test was completed. 

Nomenclature 


J/\ anode current 

Jq cathode current 

Jgd 9 I 0 W discharge current 

Jj insert emission current 

JiGSC ignitor supply short circuit current 

Jk keeper current 
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m mass flowrate 


see 
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centimeters 

(volume) 
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centimeters per 
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reductions in power processor requirements), 
eontinuing in this spirit, the NASA Lewis Research 
Center has pursued work on heaterless inert gas ion 
thruster hollow cathodes. 

Description of Hollow Cathode Operation 
Standard Hollow Cathode Ignition 

Ignition of the standard hollow cathode begins 
with the activation of the heater power supplyj 
which heats the cathode to approximately 1000 C,^ 
followed by the introduction of propellant Into the 
cathode as shown in Fig. 1. The keeper and ignitor 
supplies are then activated, the gas breaks down 
electrically and an arc discharge ignites. Stable 
hollow cathode arcs require a copious source of 
electrons which the insert provides by the mechan- 
ism of field enhanced thermionic emission. 

In this scenario, the insert must be heated to a 
temperature of approximately 1000 *C over a region 
large enough such that, in combination with the 
electric field qenerated by a nearby, dense plasma, 
the insert emits enough electrons to maintain a 
stable arc. 

With mercury as a propellant, the hollow cath- 
ode heater serves two purposes during ignition. 
First the heater prevents mercury from condensing 
inside the cathode before ignition. Second, the 
heater raises the temperature of the cathode to a 
level at which significant thermionic electron 
emission may occur from low work function surfaces. 
After ignition of the arc, the cathode heats 
through ion bombardment; thus, the heater is no 
longer needed and is usually turned off. 


anode voltage 
V 3 breakdown voltage 

Vc cathode voltage 

Vgd 9 I 0 W discharge voltage 

ViGoc i 9 nitor supply open circuit voltage 

Vk keeper voltage 

VkOC keeper supply open circuit voltage 
Introduction 

In recent years, electrostatic ion thruster 
research has been heavily focussed on operation 
with inert gas propellants because advantages of 
inert gases over mercury, the propellant previously 
used, were recognized.^ In addition, the NASA 
Lewis Research Center, Hughes Research Labs and 
others have studied ways to simplify ion thruster 
systems. Not surprisingly, these two trends 
overlap; use of the inert gases suggests natural 
simplifications to ion thruster systems (e.g., 
replacement of vaporizers, necessary for Mercury 
propellant systems, with a simpler glow control 
scheme on inert gas systems^ and potential 


When an inert gas replaces mercury, the cath- 
ode heater is not needed to prevent condensation. 
Further, hollow cathodes in laboratory inert gas 
ion thrusters have been started without a hollow 
cathode heater by flooding the cathode during 
ignition. In addition, although it has been 
demonstrated that reliable heaters can be con- 
structed, hollow cathode heaters are viewed by some 
as a failure prone component and have been shown 
to be sensitive to fabrication procedures. 

Finally, hollow cathode heaters require either a 
oedicated power s.'oply for each heater or a switch- 
ing scheme for shj ■'g a common supply. Both 
scenarios entail inoeased mass and intricacy for 
the overall system. Ultimately, heaterless igni- 
tion of ion thruster hollow cathodes should contri- 
bute to more reliable ion thruster designs with a 
lower parts count. 

Heaterless Catnode Ignition 

Before the hollow cathode can ignite without 
a heater, the propellant must breakdown electri- 
cally without a heater. (Note that "ignition" 
means establishing a low voltage (10 to 40 V) fiigh 
current (>1 A) electrical discharge (i.e., an 
"arc"), while "breakdown" implies the onset of an 
electrical discharge in some mode (not necessarily 
an arc). Thus, it is important to first understand 
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whdt mechanisms govern the heaterless breakdown of 
propellant. In our Investigation, Paschen's law 
served as the model of electrical breakdown. 
Paschen's law states that when breakdown voltage 
(VB) Is plotted as a function of P times D 
(P*n), where P Is the gas pressure between two 
electrodes and D Is the distance between the 
electrodes, the breakdown voltage minimizes for a 
unique value of P*0 (cal lea the Paschen minimum). 
Paschen's law has been experimentally establslhed 
for well defined P (static oases) and D (parallel 
plate geometry) (Fig. 2);^®“^^ however, neither 
criteria Is satisfied In the standard hollow cath- 
ode geometry because the geometry Is nonplanar ana 
the pressures are nonstatic In the breakdown region 
between the cathode orifice plate and the keeper. 
Nevertheless, one would expect the trends to remain 
the same, I.e., when breakdown voltage Is plotted 
as a function of P*D for the hollow cathode, 
perhaps a Paschen minimum could be found near the 
1 value characteristic of well defined P*D 

cases (Fig. 2). Examining the standard ho'low 
cathode under this assumption, with reasonable 
estimates of P and D, the P*D product Is seen 
to be well below this characteristic value (P*D » 
(0.001 MMHG)*(0.15 cm) . 0.00015 MMHG*CM^. The 
Paschen theory would qualitatively explain the 
experimental observation that the heaterless Igni- 
tion of standard hollow cathodes requires high flow 
rates - Inreasing the P*D product by Increasing 
P through Increased flowrate brings the bradkdown 
voltage down to the level satisfied by the open 
circuit voltage of the Ignitor supply. Demanding 
heaterless Ignition at reasonable ignitor supply 
voltages (<1 kV) Implies that electrical breakdown 
in heaterless hollow cathodes should occur near 
Paschen minimum breakdown voltages, typically on 
the order of 200 to 400 V for most gases (Fig. 2). 

Under Paschen's law, the breakdown voltage for 
the heaterless hollow cathode can be lowered In a 
number of ways (e.g., lengthing D, Increasing P, 
"seeding" the propellant with a low ionization 
potential material, etc.). In this study, the 
goal was to modify the standard hollow cathode by 
disturbing the geometry as little as possible while 
achieving heaterless breakdown and Ignition at 
normal operating flow rates, thereby preserving the 
proven lifetime of the standard Ion thruster hollow 
cathode and Insert. 

Heaterless Cathode Geometries 
Original Heaterless Cathode Design 

To our knowledge, Aston first attempted to 
construct a heater less Ion thruster hollow cath- 
ode. Instead of an oxide Impregnated Insert, 
aston placed a tantalum emitter tube inside the 
cathode, which, unlike the insert In the standard 
Ion thruster hollow cathode (Fig. 1), 's electri- 
cally isolated from the cathode body. Aston 
achieved breakdown and Ignition but at the expense 
of crystallization and melting of the emitter 
tube.^^ In our experiments, Aston's idea was 
modified by Isolating a porous tungsten insert from 
the cathode body (Fig. 3). In so doing, the break- 
down region is moved to the interior of the cath- 
ode, Increasing the P*0 product by raising P 
from approximately 0.001 MMHG to 1 MMHG while keep- 
ing 0 roughly constant. Heaterless conflgura- 
tlor*. were tested in diode arrangements (within a 
bell jar), and onr configuration was operated as 


a main cathode In the discharge chamber of a 30 cm 
J series Ion thruster. 

Figure 4 depicts the power supply arrangement 
and gas flow schematic for the heaterless cathode 
(compare with the power supply arrangement In 
standard hollow cathode (Fig. 1)). In addition to 
the keeper and anode supplies shown for the stan- 
dard hollow cathode, the heaterless cathode exper- 
iments Included a cathode supply and an Ignitor 
supply. In practice, the cathode supply was little 
used and later eliminated. Note that In most lab- 
oratory configurations, the keeper supply for the 
standard hollow cathode consists of two separate 
supplies - a low voltage high current supply and a 
high voltage low current supply. Switching from 
the standard to the heaterless hollow cathode 
eliminates the heater power supply (compare Figs. 

1 and 4). After arc Ignition the cathode and the 
Insert were linked electrically by manually closing 
a knife switch or vacuum relay. In the Initial 
experiments, an absolute pressure gauge *apped in 
upstream (in the direction opposite of pro^ '‘.'I lant 
flow) of the cathode orifice estimated the static 
pressure inside the hollow cathode to within jn 
order of magnitude. 

Modifie d Heaterless Cathode Design 

The original heaterless hollow cathode design 
was altered as our understanding of heaterless 
ignition increased. First, to better protect the 
sintered porous tungsten matrix of the Insert dur- 
ing Ignition, a tantalum tube with a thoriated 
tungsten plate (an "insert cover") was placed over 
the Insert (Fig. 5). Except for the orifice sizes 
(dimensions G and H), this geometry is Identical 
In appearance to existing hollow cathode enclosed 
keeper designs. In which the Insert cover and 
cathode body (with their orifice plates) In this 
experiment are otherwise known as the cathode and 
enclosed keeper, respectively. In the enclosed 
keeper cathode G is less than H, whereas in the 
heaterlesi covered insert cathode G Is greater 
than H, thus changing the site of flow restriction 
and enabling the covered insert design to ignite 
heaterlessly at reasonablly low values of Ignition 
voltage. The reader should compare Fig. 3 to Fig. 

5 to contrast physical and nominal differences 
between the original and modified heaterless cath- 
ode desings. 

Next, during Ignition the cathode was flooded 
with a measured amount of propellant. Lab experi- 
ence with heaterless Ignition of standard hollow 
cathodes and the success of Hughes Research Labs 
with rapid heaterless Ignition of hollow cathodes 
using this technique Inspired the change. To 
begin a pulsed flow start, a fixed volume of pro- 
pellant (approx. 12 to 50 SCC) accumulates between 
the manual leak valve and the solenoid valve (see 
Fig. 4). With the keeper and Ignitor supplies on 
at open circuit voltages, the solenoid valve opens 
and the accumulated gas floods the cathode-insert 
region. Then the gas breaks down electrically and 
the cathode ignites. The manual leak valve estab- 
lishes the normal operating pressures Inside the 
cathode after Ignition because it meters gas flow 
at a preset low flow condition. After the arc 
extinguishes and the solenoid valve closes, the 
manual leak valve continues to meter gas Into the 
accumulator region between the leak valve and the 
solenoid valve until the static pressures on both 
sides of the manual leak valve equalize. (This 
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process took about 10 min in our experimental con- 
figuration.) It is important to note that the 
additional amount of propellant required to ignite 
cathodes in this manner should not significantly 
add to the mass of an actual flight system, even 
if the system is to operate tor thousands of igni- 
tion cycles. For example, assuming 50 SCC of xenon 
gas per pulsed flow, 1000 ignition cycles of a 
single cathode would require approximately 260 g 
of propellant. 

Finally, the knife switch, used to electri- 
cally connect the insert to the cathode after arc 
ignition, was replaced with a high voltage, high 
current diode (Fig. 4). During the breakdown of 
the propellant, the diode is reversed biased, 
effectively isolating the cathode and the insert. 
After arc ignition, the diode is forward biased and 
the emission current divides itself between the 
cathode and the insert as the operating conditions 
warrant. 

Experimental Results 

Results of Origina 1 Heaterless Cathode Test 

Breakdown voltage as a function of flowrate 
was recorded for the standard hollow cathode 
(without a heater) and for the heaterless hollow 
cathode configurations (Figs. 6 to 9). Because 
increases in flowrate cause increases in internal 
pressure, the plots of breakdown voltage as a 
function of flowrate were expected to emulate plots 
of breakdown voltage as a function of P*D; 
comparing Fig. 2 to Figs. 6 to 9 substantiates this 
assumption. When taking this data, the flowrate 
was set to a predetermined value, and the ignitor 
supply was ramped up until the ignitor voltage 
abruptly collapsed and the ignitor current suddenly 
increased, indicating voltage breakdown. The 
measured breakdown voltage for a fixed flowrate and 
geometry varied *20 percent for flowrates less than 
4 SCCM and ♦5 percent for flowrates greater than 4 
SCCM. Turning off the keeper, anode or cathode 
supplies did not affect the breakdown voltage; 
usually these supplies were off during the taking 
of breakdown voltage versus flowrate data. The 
breakdown voltage increased 10 percent when 
repeated breakdowns were measured in rapid succes- 
sion; these variations were not removed from the 
data. 

Figure 6 shows breakdown voltage (VB) as a 
function of flowrate for the standard 30 cm hollow 
cathode and insert. Note that the standard hollow 
cathode typically operates at approximately 5 SCCM 
flowrate; thus, an increase of several times the 
normal operating flow is required to achieve break- 
down at the 1200 V open circuit voltage of the lab 
ignitor supplies. Data for the heaterless config- 
urations demonstrate a much lower breakdown voltage 
for a given flowrate (Figs. 7 to 9). Figure 7 com- 
pares the effect of changing the cathode orifice 
diameter (dimension F, Fig. 3) on the breakdown 
voltage. Increasing the cathode orifice diameter 
decreases the pressure in the breakdown region; 
thus, at a fixed t'ow rate, the P*D product 
shrinks and the corresponding breakdown voltage 
grows as the cathode orifice area expands. At 
higher flow rates, the differences disappear. 

Figure 8 demonstrates the effect of cathode-insert 
distance on breakdown voltage (dimension G in 
Fig. 3). The breakdown voltages are roughly equal 
for more than an order of magnitude change in 


dimension G except at the lower flows, where 
uncertainties in the data may yield spurious dif- 
ferences. Figure 9 (configurations 2(b) and 3(a)) 
illustrates the breakdown voltage versus flowrate 
for larger geometries with two different sizes of 
insert and cathode body. The data is similar to 
that of previous geometries with the same cathode 
orifice diameter (compare with Fig. 8). 

In general, achieving a voltage breakdown does 
not guarantee ignition of the hollow cathode 
(recall the distinction beUeen "breakdown* and 
"ignit<on"). Figure 10, which depicts a typical 
power supply load line imposed upon a typical volt- 
age versus current characteristic for a gaseous 
electrical discharge,^® illustrates several 
possible regimes of operation which depend upon the 
physical parameters of the discharge ana upon the 
physical parameters of the power source. The 
criterion for the stability of a gaseous discharge 
driven by a power source is (DE/DI - R) > 0, where 
DE/DI is the gaseous discharge's impedance and 
R is the power supply's impedance at the inter- 
section points of the loadline and the character- 
istic (see rig. 10, B and H are stable points 
of operation while C is an unstable point of 
operatiorr^) . After voltage oreakdown, the 
cathode would settle into a glow discharge, a high 
voltage (>100 V) low current (<1 A) mode, which 
would last anywhere from milliseconds to minutes. 
The cathode would then transition into another glow 
discharge or, far more typically, would transition 
into an arc. This behavior car be understood by 
recalling that the normal operating temperature of 
the hollow cathode is 1000 C; the hollow cathode 
must reach this temperature during ignition. 

Instead of using a heater, a glow discharge raises 
the temperature of the heaterless hollow cathode. 
Normally, the glow discharge would couple from tne 
insert to the keeper after breakdown because the 
keeper, which is at a higher potential than the 
cathode body, extracted the glow discharge out of 
the cathode body. Without the keeper, the anode 
could also extract the glow discharge. The glow 
discharge remained coupled to the keeper (or anode) 
during and after the transition to the arc. Rais- 
ing the open circuit voltage on the keeper short- 
ened the time spent in theglow discharge. Even 
I'efore connecting the insert to the cathode body 
with the knife switch, the cathode voltage would 
measure nearly zero when the cathode was in the arc 
mode. The electrical discharge could not be 
extravted out to the keeper or anode if the keeper 
and anode supplies were not turned on until after 
the glow discharge was established or if the cath- 
ode supply was used during Ignition. Without a 
discharge, internal cathode pressures in the 1 to 
10 torr r.^nge were measured (in agreement with 
Ref. 14) and were observed to increase by a factor 
of five during arc mode operation. An optical 
pyrometer measured temperatures of 1000 to 1200 *C 
on the weld between the cathode orifice plate and 
the cathode body during stable arc operation. 

By isolating the insert in the lieatrrless 
cathode, the ratio of insert emission current to 
total cathode emission curreni was measured and 
compared to results of a similar study. ° In that 
study. Insert emission current accounted for 80 to 
90 of the total emission current for total emission 
currents up to approximately 8 A. Our observations 
confirmed this result; however, at around the 10 A 
level, the cathode orifice plate/cathode body 
(Fig. 11, configuration 1(b)) began to dominate 
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electron emission for some unknown reason. Per- 
haps at the higher power levels, the temperatures 
and/or the plasma conditions cause the cathode 
orifice plate/cathode body to become a thermionic 
emitter, or volume Ionization begins to dominate 
electron production (I.e. the greater cathode 
emission Is actually Increased Ion collection to 
the cathode body). 

After approximately 100 breakdowns (with 
roughly 10 hr of arc operation accumulated over the 
course of testing), the Inserts suffered damage on 
the dowt stream ends (Flys. 12 and 13), probably 
resulting from overheating and/or Ion sputtering 
during the glow discharge. Damage to the Inserts 
designed for the 8 cm thruster (used In configura- 
tion one) was expected since these Inserts were 
operated In this experiment at total emission cur- 
rents up to 15 A: the design operating range Is In 
the 1 A regime. Use of the Inserts designed 
for the 30 cm thruster reduced but did not elimin- 
ate the erosion problem (Fig. 13 and configura- 
tions 2 and 3). The Insert Insulator was observed 
to accumulate a metallic coating, lowering the 
Impedance between the cathode and the Insert. To 
reduce the observed erosion, the Insert cover and 
pulse flow starting were Instituted (see results 
of modified heaterless cathode test). 

The heater less cathode was operated In the 
discharge chamber of a J series 30 cm xenon Ion 
thruster. The main discharge was stable and a 2 A 
beam was extracted at reasonable thruster operating 
conditions. Heaterless starting was achieved 
without use of the keeper electrode by coupling 
directly to the anode. Evidence of arc damage 
within the discharge chamber on cathode potential 
surfaces was noted and later Investigated. (See 
the following section.) 

Results of Modified Heaterless Cathode Test 

Modifications to che original heaterless 
cathode did not significantly affect the breakdown 
voltage-flowrate characteristic curve (Fig. 9) 

(note that the pulse flow technique was not used 
to take this data). The glow discharge regime was 
explored by plotting the time spent In glow dis 
charge as a function of glow discharge power (Fig. 
14), of flowrate (Fig. 15), and of elapsed time 
between successive starting attempts (I.e., spacing 
repetitive Ignition cycles with a fixed time 
Interval) (Fig. 16). It Is thought that lessening 
the time spent In glow discharge would reduce 
erosion due to Ion sputtering and/or overheating; 
thus. It was important to map the trends which lead 
to shorter glow discharge times. The Ignitor 
supply loadline was characterized by giving the 
open circuit voltage and short circuit current and 
the Input power to the cathode during the glow 
discharge mode by recording the glow discharge 
voltage and current. When taking data, the run 
parameters were fixed, i steady flow of propellant 
through the cathode was established, the Ignitor 
supply was activated (which caused the voltage 
breakdown), the lifetime of the ensuing glow 
discharge was measured with an osci 1 loscooe, all 
power supplies were deactivated after the arc 
discharge had stabilized. In Fig. 14 It should be 
noted that the glow discharge voltage was fixed by 
the geometry; thus. In order to increase the power 
added during the glow discharge period. It was 
necessary to change the Ignitor supply loadline. 

In Fig. 16, the shape of the curve Is thought to 


depend on the thermal time constant of thr cathode, 
I.e., how quickly the cathode can lose heat through 
radiation and conduction. 

With the pulse flow m< thod of starting, the 
cathode could Ignite In milliseconds; however, 
different runs of the same cathode and between 
similar cathodes varied markedly. Figure 17 
Illustrates oscilloscope observations for config- 
uration 4(a) (Fig. 5). On some runs, the cathode 
would break down, enter a single glow discharge 
mode lasting several milliseconds, and transition 
to a stable arc (Fig. 17(a)); however, during other 
runs of the same cathode at the same operating 
condition, the single glow discharge mode could 
last several seconds. Furthermore, during runs of 
the same cathode configuration (but a different 
cathode), the cathode was seen to jump from the 
glow discharge mode to the arc mode many times over 
the course of several seconds before a stable arc 
discharge was established (Fig. 17(b)). The 
reasons for these differences are unclear. 

Arcing to cathode potential surfaces during 
the glow discharge perloo was observed. This 
phenomenon, first seen during the heaterless cath- 
ode tests In the J series thruster (discussed 
ear11e>"), occurred during a glow discharge period 
when the combination of high gas pressures (>0.001 
MMHG) and a plasma within the test facility 
(thruster chamber or bell jar) allowed the keeper 
and anode supplies (with open circuit voltages of 
approximately 100 V) to pass current. Arcing had 
not been observed during a pulse flow start In 
which the cathode Ignited quickly (<1 sec) because 
the dual conditions of plasma and high cas pressure 
were not simultaneously present. This observation 
Illustrates the Importance of swift breakdown to 
arc transitions. 

Dominant electron emission from the cathode 
orifice plate/cathode body at high total emission 
currents was once again observed despite the 
addition of the Insert covering and the use of a 
diode for Insert Isolation (Fig. 11). However, In 
this configuration the current emitted by the 
Insert cover/insert cover orifice plate could not 
be distinguished from the current emitted by the 
Insert Itself. Although In the diode connection, 
the cathode remains 1 to 2 V negative of the Insert 
during arc operation, no performance differences 
were noted between diode operation and knife switch 
operation. 

Accelerated Cyclic Ignition Test 

To better understand the erosive mechanisms 
of heaterless ignUlon, an accelerated cyclic 
lifetest on configuration «»(b) (Fig. 18). Table 1 
lists the operating conditions of the test. The 
cathode compiled 3430 successful smarts out of 3550 
Ignition attempts (a successful start occurs when 
an arc discharge ignites during a cycle). Each 
cycle began by activating the keeper and ignitor 
power supplies, while opening the gas supply 
solenoid valve to release the gas pulse. (The 
anode supply was not used In this test.) Even 
though the power supplies and the solenoid valve 
were activated simultaneously, the power supplies 
reached their full open circuit voltages before 
the g’s pulse released from the solenoid valve 
reached the cathode Insert region. Once the gas 
reached the cathode Insert region, the gas broke 
down electrically and a glow discharge ensued. 
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The glow discharge period usually ended with the 
transfer to an arc or, If the start Is unsuccess- 
ful, after 15 sec with the shutdown of the Ignitor 
supply. The keeper supply turned off 3 min later, 
quenching the arc (assuming a successful start) and 
the solenoid valve closed soon afterward. The 
cycle repeated Itself 15 min after the beginning 
of the previous cycle. It Is thought that the 11 
min dormant Interval In each cycle adequately sltiK- 
ulatrs the Ignition of a cold cathode (Fig. 16 and 
Ta'-ie 1). 

Figure 17(b) Illustrates the oscilloscope 
observations of this cathode during the test. No 
significant variation In the traces were seen 
throughout the test; the elapsed time between 
voltage breakdown an^ a stable arc discharge 
remalneo at approximately 5 to 10 sec (as judged 
by observing the keeper voltmeter and current 
meter). Table 1 lists the heaterless cathode's 
electrical parameters for various cycles throughout 
the test. The keeper current and flowrate were not 
monitored and control lei' closely; nevertheless, two 
trends can be observed. First, the keeper voltage 
increased Incrementally throughout the test. Sec- 
ondly, the l isert emission current to total emis- 
sion current (Jl/JK) ratio remained cor .tant at a 
given total emission current and maintained a value 
of nearly un’ty. In agreement with our previous 
observations at this total emission current level. 

About half of the failed starts occurred 
because they occurred when the open circuit voltage 
of the keeper supply dropped to half of the Initial 
value (this idiosyncrasy was due to the particular 
construction of our keeper supply.) These failed 
starts confirmed our observation that increased 
keeper supply voltage shortens the time spent In 
the glow discharge mode (see results of initial 
test). Because the ignitor supply would turn off 
before the cathode could transfer to the arc mode 
at the decreased keeper supply voltage, it Is 
inferred that the glow discharge mode lasted longer 
at this lower value of keeper voltage. The other 
failed starts could not be explained. 

The exterior cathode orifice plate appeared 
to suffer some sputter erosion as it appeared 
pockmarked and shiny; however the cathode orifice 
diameter did not change from its original 0.71 mm 
dimension (not shown). The exterior of the insert 
cover and the cover orifice plate also displayed 
the same scrubbed appearance noted on the cathode 
while the insert cover orifice did not change from 
its original 1.78 mm diameter (Fig. 19). The 
insert cover was cracked at the insert cover- 
orifice plate weld. This cracking occurred during 
testing and was probably exacerbated by flaring of 
one end of the cathode body (done with this test 
hardware to obtain a good electron beam weld of the 
tantalum insert cover to the 2 percent thorlated 
tungsten orifice plate). 


from the Insert during normal hollow cathode arc 
discharge operation) even though the Insert was 
connected by three 15 cm lengths of rhenium wire. 

As a result, the Insert connected Itself electri- 
cally to the covering by arc discharges. Perhaps 
similar behavior could be observed with standard 
hollow cathodes, but the author Is unaware of any 
other analogous observations. 

Summary and Conclusions 

Heaterless Ignition of Inert gas Ion thruster 
hollow cathodes was consistently achieved by using 
a high pressure reg.cm between the cathode and 
Insert to reduce breakdown voltages at a given 
flowrate and to create conditions for the glow 
discharge/arc heating of the cathode. Limits to 
Insert emission (for the Insert Isolated from the 
cathode) had been noted for total emission currents 
greater than 8 A. Linking the Isolated Insert to 
the cathode by use of a diode after arc Ignition 
has been demonstrated. In response to concerns 
over Insert erosion, a covering over the Insert was 
added and the cathode was Ignited with the use of 
a gas pulse. Millisecond Ignition times were noted 
with gas pulse Ignition, but differences In opera- 
tion were observed for similar cathodes and test 
conditions. Operation of the covered Insert caused 
anomolous fusing of the Insert to the covering; 
however a suspected cause was postulated. Despite 
these difficulties, a 3550 cycle test with 3430 
successful Ignitions Indicated that heaterless 
ignition of ion thruster hollow cathodes for 
thousands of cycles Is feasible. Future work on 
heaterless hollow cathode Ignition using the 
methods explored here should systematically deter- 
mine what characteristics cause quick reliable 
ignition and what precisely are the life limiting 
effects through a full llfetest under the condi- 
tions envisioned for operation of these cathodes 
In a flight configuration. 
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TABLE 1. 


ACCELERATED CYCLIC LIFETEST CONDITIONS 


[VkOC - ^10 ''1 = 

pulse volume_-30 


= ‘^kl: 

sec; 




- 700 V; J 


IGSC 


- lA; 


jar pressure: without 


flow - 4x10"^ torr; with flow - 10"^ to 10"^ torr. 
Cycle times: 0:00 - flow, ignitor supply, keeper 

supply on; 0:15 - ignitor supply off; 3:15 keeper 
supply off; 3:45 - flow off; 15:00 - repeat cycle.] 


Cycle 

number 

VK 

keeper 

voltage, 

V 

JK 

keeper 

current, 

A 

lii 

mass 

flowrate 

(SCCM-xenon) 

J1 

insert 
current , 
A 

1 

16 

3. 

6 

7. 

0 

3. 

3 

480 

16.5 



6.3 



900 

17.5 







1500 

17.0 







^1950 

19.5 




1 



2480 

19.5 

3. 

75 

4.4 

3. 

5 

3020 

20.5 

3. 

75 

7. 

2 

3. 

5 

3450 

21.0 

3. 

75 

5.8 

3. 

5 


^Shutdown to replace empty xenon bottle. 
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Figure 1. - Standard Ion thruster hollow cathode with open keeper. (30 cm 
ion thruster main cathode) (dimensions in mm) 




MINIMUM BREAKDOWN VOLTAGE 



Figure 2. - Paschen's law (ref. 11). 









KEEPER 



/ 

/ 

CATHODE ORIFICE PLATE 
DIMENSIONS, mm 


\ 


1 

F 

T 


B 

B 

C 

D 

E 

F 

G 

CONFIGURATION 

IDENTIFIER 

2.54 

6.35 

5.59 

2.29 

1.19 

.38 

■■ 

la 

.76 

.38 

lb 

.76 

Ic 

3.06 

Id 

6.35 

le 

1.27 


If 

2.54 

9.53 

7.37 

5.33 

3.81 






2b 

2.54 

12.7 

11.68 

im 

3.81 


.76 

3a 

.76 

.76 

3b 


Figure 3. - Original heaterless hollow cathode. 





































AND REGULATOR 


Figure 4. - Heaterless cathode power supply and flow arrangement. 
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Figure 3. - Modified heaterless hollow cathode. 




















BREAKDOWN VOLTA 



MASS FLOWRATE, SCCM-XFNON 

Figu'e 6, - Breakdo vn vC ?gp vs flowrate for 
standard hollow cathooe. 


CONFIGURATIONS 



MASS FLOWRATE (SCCM-XENON) 


Figure 7. - Breakdown voltage to flowrate effect of cathode 
orifice diameter (dimension F, Figure 3). 



Figure 8. - Breakdown voltage vs flowrate effect of insert cathode 
distance (dimension 6, Fig. 3). 



Figure 9. - Breakdown voltage vs flowrate original and modi- 
fied heaterless geometries (Figures Band 3). 


INSERT EMISSION CURRENT, A 


POWER SUPPLY LOADLINE 



Figure 10. - V-I characteristic for gaseous discharge 
(ref. 10). 


CONFIGURATION 

SCCM-XENON 



Figure 11. - Insert emission current vs total emission current. 



Figure 12. - Postrun photos of insert in original 



hollow cathode tests (Configuration Ic). 
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iginal heaterless hollow cathode tests (Configuration 3b). 
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GLOW DISCHARGE POWER. W 


Figure 14. - Glow discharge lifetime vs glow discharge power, 
(configuration 4a) 


TIME INTERVAL. 15 min 





IGNITION TIMES, sec 



Figure 16. - Glow discharge lifetime vs time interval, (configuration 
4a) 
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Figure 18. - IWxJified heaterless hollow cathode. 




(c) Insert after removing cover. Insert after removing cover. 

Figure 19. - Photos of accelerated cyclic lifetest hardware after 3550 cycles. 
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